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Mars Global Surveyor: Aerobraking Mission Overview
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The Mars Global Surveyor spacecraft was launched on Nov. 6, 1996, and was captured into a highly elliptical,
45-h orbit around Mars with a 973 m/s propulsive maneuver on Sept. 12, 1997. A four-month aerobraking phase
was supposed to remove another 1200 m/s to circularize the orbit. Unfortunately, one of the two solar wings was
damaged during deployment just after launch when the deployment damper failed. What has happened so far
to achieve the original mission objectives is described, and the plans for the future of the Mars Global Surveyor
Spacecraft are discussed.

Introduction: Brief History

IMMEDIATELY after launch, telemetry indicated that one of the
two solar wings had failed to latch. Each of the two Mars Global

Surveyor spacecraft (S/C) wings comprise two solar panels and a
drag � ap (as shown in Fig. 1). The preliminaryfailuremodel that ex-
plained the postlaunch solar panel deployment anomaly was that
the damper shaft had sheared off during deployment.1 The arm that
turned the shaft was believed to be wedged between the inner panel
and the yoke and was preventing the panel from latching. Figure 2
shows the positionof the panel in the stowed and partiallydeployed
positionswith the damper arm still attachedto the damper, as well as
in the initiallydeployedcon� guration,with the damper arm pinched
between the yoke and the inboardpanel. Figure 2 shows that placing
the damper arm between the yoke and the panel would put the panel
24.6 deg from the fully latched position. Because the actual angle
was only 20.5 deg, the project analysts concludedthat the sharp end
of the damper arm had penetrated a short distance into the inboard
panel when the panel deployment was abruptly terminated when
the damper arm contacted the yoke. An extensive analysiswas con-
ductedduring thecruise to Mars to bothunderstandthe failureand to
redesign the aerobraking phase that was scheduled to begin imme-
diately followingMars orbit insertion (MOI). The primary outcome
of the redesign effort was that the S/C was recon�gured for aero-
braking, as shown in Fig. 1, such that the failed wing (on the ¡Y
side of the S/C) was rotated180 deg using the inner gimbal to put the
active side of the panels on the damaged wing into the � ow during
each drag pass through the atmosphere. The outer gimbal position
was also changed to maintain the same aerodynamic con� guration
with the solar wings swept back by 30 deg. The recon� gurationwas
necessary so that the aerodynamic torque at the hinge line would
push the hinge toward the closed position because the deployment
springswere not strong enough to hold the panel in position against
the drag-induced torque about the hinge line.

Minor changes to the sequencingsoftware were required to use a
powered mode to hold the outer gimbal in position, rather than the
unpoweredmode that was still used on the undamagedwing, where
the gimbalcouldbe positionednext to a hard-stop.The gimbalmotor
had to be requali� ed for the higherholding torque required for aero-
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brakingin the new con� guration.The solar cell sidesof the ¡Y pan-
els had to be requali� ed at a higher temperature to demonstrate that
the cells thatwould nowbe directlyexposedto theaerodynamic� ow
could withstand the higher temperatures on the leading side of the
wing. Because the gimbal was able to supply suf� cient torque and
because the cells could withstand the higher temperatures, the basic
aerobraking trajectory remained targeted to the originally planned
400-km circular, sun-synchronous2 p.m. mapping orbit.2

The panel positions for maneuvers using the main engine also
had to be changed to minimize the moment around the hinge line to
prevent the unlatched panel from shifting during these maneuvers.
The capture orbit period was retargetedfrom 48 to 45 h to reduce the
average dynamic pressures and aerodynamic heating required dur-
ing aerobraking.The periapsisaltitudetarget at capturewas reduced
from 313 to 250 km to minimize the 1V required at MOI. The re-
con� gurationworkedas planned,and the Mars Global Surveyorwas
capturedinto a highlyellipticalorbit aroundMars by a 973-m/s main
engine maneuver on Sept. 12, 1997. The actual periapsis altitude of
262.9 km was only 12.9 km higher than the 250 km target, whereas
the actual 44.993-h orbit period at the � rst apoapsis was within
25 s of the 45-h target. All of the analyses, testing, requali� cations,
planning, and software updating had to be completed prior to MOI.

Aerobraking Begins with Redesigned S/C Con� guration
Aerobraking began on schedule three orbits after MOI, and pro-

ceeded as replannedthroughorbit 15. The time between the propul-
sive walk-in maneuversused to lower the periapsisaltitude from the
high-altitude capture orbit down to the altitude required for aero-
braking was reduced so that the main phase of aerobraking would
begin earlier than the original plan. Starting the main phase earlier
further reduced the average dynamic pressures and aerodynamic
heating.

At MOI, the project analysts believed that the only problem was
that the ¡Y wing was not fully latched. During these early aero-
braking orbits, some panel de� ection was inferred from the attitude
telemetry,but was attributed to elasticdeformationnear the location
where the damper arm was wedged between the yoke and the in-
ner panel of the unlatchedwing. Because the panel was not latched,
some de� ection had beenpredictedby the structuralanalyses.There
was a moderate uncertainty in the magnitude of the de� ection, es-
peciallyduring the early orbits, where the amount of de� ection was
small. The de� ection was inferred from the difference between the
expected locationof the aerodynamicnull attitude and the observed
aerodynamicnull.3 (The aerodynamicnull is the attitude where the
aerodynamic moments about the X and Y axes are simultaneously
zero.) Other possible contributors to a shift in the aerodynamicnull
included crosswind, surface accommodation differences between
the back of the CY wing and the cell-side of the ¡Y wing, � ex-
ing or asymmetry in the � aps at the ends of the solar wings, and
unmodeled asymmetries in the S/C con� guration. As the dynamic

307



308 LYONS ET AL.

Fig. 1 MGS aerobraking con� guration.

Fig. 2 Detail of the broken solar panel damper assembly.

pressure increased, the apparent offset in the aerodynamicnull also
increased,as would be expected if one of the panels were connected
to the S/C through a spring with a stiffness of about 1100 in.lb/rad.

On orbit 11 accelerometer telemetry near the time of periapsis
indicated that the damper arm appeared to shift when the maximum
dynamic pressure was pushing on the S/C. Telemetry from a sun
sensor mounted on the inner panel of the unlatchedwing con� rmed
that the panel had moved 4 deg closer to the latched position. Near
the maximum dynamic pressure on the next orbit, the unlatched
solar wing shifted again, this time by 15 deg, such that the panel
offset was reduced to nearly zero. The outer gimbal position of the
damaged wing was commanded to a new position after each shift
to maintain a symmetric aerodynamic con� guration with a 30-deg
sweep angle to the � ow for the next drag pass.

The operations team brie� y consideredthat the panel might have
latchedinto positionuntil the telemetrydata from the next orbit indi-
cated that the aerodynamicnull perturbationthat had been attributed
to panel bending was still present.The shifts in the solar panel posi-
tion implied that the damper arm had moved out from between the
yoke and the inner panel such that the hinge had reached the latched
position. Because the postulated hinge con� guration was such that
the wing could not possibly bend about the hinge line beyond the
latched position, but the data indicated that the panel was bending
beyondthe latchedposition,the failuremode had to bedifferentthan
the one establishedduring cruise. The project analysts immediately
began to examine the telemetry to develop a new failure model that
could explain the new data. Possible failure mechanisms were dis-
cussed during the next three orbits, while aerobraking continuedas
planned.

On orbit 15, three orbits after the 20.5-deg kink in the unlatched
panel straightenedout, the atmospheric density was unusually high
(50% larger than on the previous two orbits; see Table 1), and the
panel de� ection inferred from the dynamic changes in the aerody-
namic null implied a huge, 17-deg de� ection. Because the magni-
tude of the de� ection on orbit 15 could not possibly be explained
by the original failure model, the project manager concluded that
the solar wing was not only unlatched, but also damaged more se-
riously than originally believed. A command was immediately sent

to propulsively raise the periapsis altitude by 11 km to reduce the
dynamic pressure from 0.60 to 0.20 N/m2 and, thus, reduce the
apparent bending to a few degrees. The attitude for the drag pass
on orbit 16 was changed so that the sun sensor mounted on the
unlatched wing could be used to measure the position of the sun
relative to the solar panel during the drag pass and to con� rm if
the solar wing was bending relative to the inertially propagatedS/C
attitude. The measured de� ection was 3.4 deg, which was close to
the value inferred from the shift in the aerodynamic null. On the
next orbit (17) a similar techniquewas used to show that the latched
panel did not bend at all, within the 0.5-deg accuracy of the sun
sensor measurement. On orbit 18, a second measurement of the de-
� ection of the unlatched panel produced the same 3.4-deg bending
at a dynamic pressure of 0.19 N/m2 . Because the only explanation
for the bendingwas that the solarwing was damaged more seriously
than previously thought, the project manager decided to raise the
periapsis altitude completely out of the atmosphere until the impli-
cations of the damage could be carefully considered. This decision
to temporarily stop aerobraking was extremely serious because it
meant giving up the ability to reach the 2 p.m. sun-synchronous,
400-km circular mapping orbit for which the spacecraft was de-
signed. It also meant that the remainder of the mission would have
to be completely redesigned.

Damage Assessment During the Aerobraking Hiatus
During the 25-day hiatus from aerobraking,a very intensiveanal-

ysis and ground test programwas conducted to determinewhat fail-
ure would explain the panel de� ectionand what could be done to re-
plan the mission.The most likely failure scenariothat emerged from
this hiatus was that one of the yoke facesheets had cracked when
the undamped panel stopped abruptly during deployment (Fig. 2).
The yoke is similar in construction to the solar panels, with two
graphite epoxy facesheets separated by an aluminum honeycomb.
Ground tests and analysis both showed that the most likely fail-
ure was a cracked facesheet on the yoke, near the gimbal motor
where the yoke is narrowest. The crack was believed to follow a
stressconcentrationwhere the facesheetthicknesswas reducedfrom
double to single thickness. Only the facesheet on the compression
side (back side; see Fig. 2) was believed to be broken because the
graphite epoxy is not as strong under compression and because the
yoke used for ground testing broke on the compression side. The
other facesheetis believed to be intact and is providingthe restoring
moment that brings the solar wing back to the unde� ected position
after each drag pass. Further analysisand groundtesting of a broken
yoke at various load levels for many cycles resulted in a maximum
acceptable dynamic pressure level of 0.6 N/m2 for the thousand
cycles that were needed to achieve a sun-synchronous,400-km cir-
cular mapping orbit at a reduceddynamic pressure.Of course, there
was no way to guarantee that the damage to the � ight hardware
was the same as the damage to the ground test hardware or that the
number of cycles placed on the ground test hardware was represen-
tative of the number of bendingcycles that the � ight hardwarecould
survive.

Before aerobrakingwas resumed, a set of criteria was selected to
enable the project analysts to determine if the panel characteristics
of the � ight hardware were changing in a way that would indicate
a weakening of the yoke stiffness. These characteristicsinclude the
bending stiffness, which is inferred from the measured bending an-
gle and the measured maximum dynamic pressure, and the natural
frequency of the solar wing, which is measured by S/C attitude and
accelerationperturbationsusing the inertialmeasurementunit. Both
the stiffness and natural frequency will decrease if a crack begins
to propagate on the undamaged side of the yoke. The return angle
of the wing after each bending event is also monitored using the
sun sensor on the unlatched panel and compared to the return an-
gle on previous orbits. These parameters are evaluated after each
pass through the atmosphere and contribute to the daily decision
process for what is an acceptable level of drag for the coming or-
bits. The natural frequency attributed to the bending mode of the
damaged wing, 0.166 Hz, has been relatively constant ever since
launch. The accelerometer data showed that this 0.166-Hz mode is
strongly excited on some orbits, as though the cracked edges might
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Table 1 Key events during phase 1 of aerobraking

Orbit number Date Altitude, km Period, h Dynamic pressure, N/m2 Comments

1 9/12/1997 262.9 45.0 0 MOI
4 9/17/1997 149.3 44.9 0.004 First drag pass, sun crosses equator

into southern hemisphere.
8 9/25/1997 116.1 44.0 0.23 AACS anomaly, no telemetry
10 9/28/1997 116.4 42.8 0.23 S/C commanded to contingency mode

to reinstate attitude knowledge
11 9/30/1997 111.2 42.2 0.49 0.2 m/s maneuver, panel shifts

4 deg at periapsis
12 10/2/1997 110.5 41.0 0.53 Panel shifts 15 deg at periapsis,

is panel latched?
13 10/3/1997 110.3 40.0 0.64 Aeronull still offset, bending?

0.18-Hz vibration still present
15 10/7/1997 110.0 37.5 0.90 Unexpected 50% density spike

aeronull offset ) 17-deg bending?
16 10/8/1997 121.0 36.5 0.20 Periapsis is raised, ¡X to nadir for

bending measurement of ¡Y , sun
sensor measured 3.4-deg bending

17 10/10/1997 120.9 36.2 0.23 CX to nadir, panel � ipped for bending
measurement of CY , sun sensor measured 0 deg

18 10/11/1997 121.2 35.7 0.19 ¡X to nadir for bending measurement of
¡Y (still bending 3.4 deg)

19 10/13/1997 171.7 35.5 0.0005 Begin hiatus, periapsis raised out of
atmosphere, science data are collected
while analyses, tests, and redesign
worked in parallel

37 11/8/1997 134.8 35.2 0.026 Resume aerobraking phase 1 with � rst
walk-in maneuver

41 11/14/1997 124.4 34.8 0.16 Accelerometer data show unusual step followed
by panel ringing with 6-s period

50 11/26/1997 123.5 32.0 0.14 Lower than average dynamic pressure,
lower periapsis? (It is not.)

51 11/28/1997 123.7 31.7 0.32 133% increase in dynamic pressure signals start
of dust storm, pair of raise
maneuvers commanded

52 11/29/1997 131.7 31.3 0.06 Density drops back close to what was expected
53 11/30/1997 131.6 31.3 0.15 Density continues to increase, pattern of high

and then low densities is correlated
to longitude wave 2

70 12/22/1997 125.1 27.8 0.24 Dust storm effects have disappeared
82 1/4/1998 122.3 24.8 0.21 Start of eclipse region
85 1/7/1998 121.1 24.0 0.26 Mars perihelion (aphelion 12/17/1998)
110 1/29/1998 120.5 19.3 0.30 1st MOLA warming slew maneuver
114 2/2/1998 121.2 18.8 0.21 First draft of this paper completed
125 2/10/1998 117.3 17.4 0.22 Maximum eclipse of 58.1 min, 46.8%

depth of discharge
132 2/15/1998 117.1 16.6 0.31 Emergency Aerobrake Planning Group to discuss

huge difference between peak density
and average density, peak dynamic
pressure 0.452 N/m2

141 2/21/1998 116.1 15.7 0.41 Highest dynamic pressure in phase 1
accelerometer peak D 0.483 N/m2

7.7-deg panel de� ection, alarms tripped
142 2/21/1998 118.4 15.5 0.21 After periapsis raised by 0.148 m/s maneuver

at apoapsis, large solar wing
ringing on orbit 143

194 3/23/1998 119.8 11.7 0.16 Begin reducing dynamic pressure to
slow rate of period decay to hit
orbit period target for SPO

201 3/27/1998 125.1 11.5 0.05 Last aerobraking orbit in phase 1
202 3/27/1998 170.7 11.5 0.0008 First SPO
223 4/6/1998 172.7 11.5 0.0003 Periapsis at north pole, target pole

with Mars Orbiter laser altimeter
268 4/28/1998 174.1 11.5 0.0002 Begin conjunction seq, no science
309 5/18/1998 176.1 11.4 0.0002 Last eclipse orbit during SPO
329 5/28/1998 176.8 11.4 0.0002 Resume science after conjunction
433 7/17/1998 176.6 11.4 0.0002 Sun crossed equator northward
573 9/23/1998 171.1 11.5 0.0015 Last SPO
574 9/24/1998 126.9 11.5 0.05 Begin phase 2 walk-in

be suddenlyslippingpast each other while under compression from
the aerodynamic moment. The return angle after each drag pass
eventually returns to zero, but an unusual 1-deg bend was observed
to build up sometime during the eclipse preceeding the drag pass
during phase 1 of aerobraking.This bending is believed to be ther-
mally induced. The amount of bending during the drag pass has
remained about 4 deg for a typical dynamic pressure of 0.25 N/m2

near periapsis.

Mission Redesign During the Hiatus
Because the original plan4;5 to achieve a mapping orbit with a

2 p.m. mean local solar time at thedescendingnode requiredaverage
dynamic pressuresequal to the new not-to-exceedvalueof 0.6 N/m2

and because aerobraking had been put on hold for one-� fth of the
plannedaerobrakingduration while the project analystsdetermined
the extent of the damage, the originally planned 2 p.m. mapping
orbit could no longer be achieved.After consultingwith the Project
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ScienceGroup (PSG), the projectmanagerconcludedthat achieving
a circularorbitwas essentialfor meeting the mission objectives.The
PSG selected a 2 a.m. mean local solar time sun-synchronousmap-
ping orbit as the new target. The new mapping orbit is essentially
the same as the originally planned mapping orbit, except that the
sun is near the ascendingnode rather than the descendingnode.6 (To
be consistent, the local solar time is still measured at the descend-
ing node.) Because the orbit plane precesses very slowly for orbit
periods larger than 4 h, the local solar time (LST) changes as Mars
moves around the sun. Therefore, the LST of the mapping orbit is
primarilydeterminedby the date near the end of aerobraking,where
the orbit period drops below 4 h, and the precessionrate approaches
a sun-synchronousrate. Thus, the next opportunityfor a 2 a.m. orbit
was early in February 1999.

Aerobraking Resumed After the Hiatus
Once the project manager decided that it was not only necessary

to resume aerobraking to continue the mission, but also reasonably
safe, a new plan was developed to reach the new 2 a.m. mapping
orbit target. Phase 1 of aerobraking resumed on Nov. 8, 1997, on
orbit 37. The plan was to keep the expecteddynamicpressurebelow
0.3 N/m2 , which maintains a 100% density margin relative to the
redesigned dynamic pressure limits. A 100% margin was included
in the original plan for random atmospheric density � uctuations.

Before reaching the new 2 a.m. LST target, Mars passed directly
behind the sun at conjunctionon May 12, 1998. Aerobrakingcould
not be conducted while Mars was in conjunction, and so a propul-
sive maneuverwas necessaryto terminateaerobrakingin earlyMay.
(All of the propulsivemaneuversthrough the end of phase1 of aero-
braking are described in a paper7 by the navigation team.) The new
mission plan took advantage of the opportunity afforded by the
need to suspend aerobraking for conjunction by establishing a 5-
month period after conjunction for unique science observations in
an elliptical orbit employing a very low periapsis, dubbed the sci-
ence phasing orbit (SPO). Low-altitude (high-resolution) imaging,
Phobos imaging, targeted surface imaging, and unique electron re-
� ectometer and high resolution magnetometer measurements were
made possible by the SPO. The SPO phase began when periap-
sis was propulsively raised up out of the atmosphere on orbit 201
(March 27, 1998), when the orbit period reached the predetermined
value of 11.5 h about a month and a half before the communica-
tions blackout at conjunction.Targeting a speci� c orbit period was
important for avoiding a resonanceorbit, which could have resulted
in large gravitationalperturbations to the inclination.

Before conjunction, the Mars Global Surveyor (MGS) S/C col-
lected sciencedata, including targeted observationsof high-priority
surface features, up to the point where commands could not be re-
liably sent to the S/C (April 28, 1998), at which point the S/C was
put into a safe con� gurationuntil reliable communicationscould be
restored after conjunction (May 28, 1998).

As SPO implies, the instruments were turned on and pointed at
nadir near periapsis to record science data that were played back
later in the orbit when the high-gain antenna was pointed at the
Earth. During the preconjunction science gathering phase, some
very interesting targeted observations of speci� c surface features
were made.¶ The SPO carried the S/C throughconjunctionand con-
tinued to orbit 573 on Sept. 23, 1998, when phase 2 of aerobraking
began. The MGS S/C will continue phase 2 of aerobraking until
about orbit 1325 (Feb. 9, 1999), when the periapsis altitude will be
raised out of the atmosphere for the � nal time when the apoapsis
altitude reaches 450 km.

Because the attitude control system uses between 5 and 10 g of
propellant on each pass through the atmosphere and because the
propellant budget is very tight, the project analystshad to minimize
the number of aerobrakingorbits. Because the 2 a.m. mapping orbit
is roughlydeterminedby the date where Mars is on the other side of
the sun from the initial target date for the start of mapping, delaying
the start of phase 2 reduced the number of aerobraking orbits (and,
thus, reduced the attitude control propellant required for aerobrak-

¶A link to a discussion of these observationscan be found at http://marsweb.
jpl.nasa.gov.

ing) but increased the average dynamic pressure on each orbit from
what it would have been if aerobraking had resumed immediately
following conjunction.Even though phase 2 started Sept. 23, 1998,
one week later than planned, the average dynamic pressure will be
less than the average for the latter part of phase 1, so that there will
be margin available in case there are unpredictabledelays or greater
atmospheric variability during phase 2.

Complications Created by the New Aerobraking Plan
The operations team has faced many challenges due to the un-

planned extension of aerobraking.The S/C was designed to operate
in a 2-h, sun-synchronousmapping orbit around Mars. The maxi-
mum eclipse for the plannednearly circularmapping orbit was only
40 min. Because the S/C is traveling much slower near apoapsis of
the highly elliptical aerobraking orbit, the eclipses have the poten-
tial of being much longer than 40 min. In fact, the maximum eclipse
duration of the � rst eclipse season in early February of 1997 was
58 min, 45% longer than the maximum design requirement. Sur-
viving the eclipse meant that the solar panels had to survive very
cold temperatures that nearly reached the requali� cation limits, in
spite of the intensive effort to recon� gure and operate the S/C to
maximize the panel temperatures at the entry into eclipse.

Anotherchallengeassociatedwith the longer than plannedeclipse
duration was the depth of discharge on the batteries. The batteries
reached a maximum depth of discharge of 48%, which meant that
the S/C would survive one battery failure, but the lifetime of the
remaining battery would have been signi� cantly reduced if one of
the batteries had failed. Both batteries were still fully functional
following the � rst eclipse season. The larger than desired depth of
discharge means that the expected battery life has been slightly re-
duced, but not enough to jeopardize the planned 2-year (1 Mars
year) mapping mission, which will put many cycles on the batteries
when there is an eclipse every orbit. As long as aerobraking con-
tinues on schedule, the next maximum eclipse will be less than the
40 min that is typical for the mapping orbit. If the S/C does not
reach an orbit period of about 6 h before the next eclipse season,
which begins near the end of phase 2 of aerobraking, the maximum
eclipse will be larger than 60 min, which would severely stress the
S/C hardware. Thus, it is very important that aerobraking proceed
as replanned.

Another operations complication due to the longer aerobraking
phase is that the instruments could get too cold if the original
aerobraking sequence were used. The instruments are located on
the CZ face of the S/C, whereas the undeployed high-gain antenna
is mounted 90 deg away, on the CX face, as shown in Fig. 1. Dur-
ing the original aerobraking sequence, the S/C would spend most
of the time in array normal spin (ANS), with the CX axis toward
the Earth to maintain a high-rate telecommunications link, and a
100-min rotation about CX so that the body-� xed star sensor can
detect stars that are used to update the inertial reference.During the
originally planned aerobraking phase, there was always some sun
available during part of the ANS rotation to warm the instrument
deck. Because aerobrakingwill now take much longer to complete,
Mars reached conjunction in the middle of the redesigned aero-
braking phase, before the high-gain antenna was deployed. Near
conjunction,when the sun and Earth are close together in the sky as
viewed from Mars, the CZ face is in the shadow of the high-gain
antenna (HGA) on the CX face (see Fig. 1), so that the instruments
are not warmed by the sun at anytime during the 100-min spin. The
onboard sequence was modi� ed to include two inertial slews to tip
the CZ face toward the sun (and the CX axis, HGA boresight away
from Earth) to keep the instruments warm.

Maintaining suf� cient propulsive maneuver propellant has been
another challengingtask. The original plan did not have a very large
propellant margin to begin with. The periapsis altitude has already
been raised out of the atmosphere, and then returned for the hiatus,
and then raised out again at the start of the SPO, and returned for
the start of phase 2. The 1V budget contains enough fuel for only
one additional periapsis raise/lower in case of an anomaly during
aerobraking.

During phase 2 of aerobraking,there is not enough time in the or-
bit to play back very much recorded sciencedata, so that the project
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Fig. 3 Dynamic pressures at periapsis: actual and planned.

analystswill have to use other means, such as the accelerometerand
the horizon sensor, to detect the mission threatening atmospheric
density increases that can accompanya global dust storm. Although
phase 2 occurs as Mars approaches aphelion, where global dust
storms are believed to be less frequent, dust storms have been ob-
served at every season on Mars and will be a continued threat.

New Aerobraking Trajectory
The aerodynamicpressure at periapsis, 1

2 ½V 2, is one of the most
important aerobrakingparameters. If the average dynamic pressure
is too low, aerobraking will take too long, and the spacecraft will
not reach the desired LST for the mapping orbit. If the dynamic
pressure is too high, then the S/C will be damaged. Figure 3 uses
C symbols to show the dynamic pressure history (reconstructedby
the navigation team) from MOI (MOI is orbit 1) through Oct. 4,
1998 (orbit 600). The events leading up to the hiatus that started on
orbit 19were discussedearlier.The most signi� cant eventduring the
remainder of phase 1 was the dust storm that began around orbit 51.

The primary reason that there is at least 100% margin on the
expected dynamic pressure compared to the � ight allowable is to
accommodateboth randomvariabilityin the atmosphereand the ini-
tially rapid monotonic density increases due to global dust storms
near the surface. The periapsis altitude must be raised propulsively
to accommodate the order of magnitude density increase that was
predicted by prelaunch atmospheric simulations of the initial phase
of a global dust storm by atmosphericscientists at the NASA Ames
Research Center, the NASA Marshall Space Flight Center, and the
University of Arizona. The simulations showed that the maximum
density occurs only a few days after the start of a dust storm be-
cause the high winds can quickly spread enough dust through the
atmosphere to allow signi� cant solar warming and expansionof the
middle atmosphere, which increases the densities at a given alti-
tude everywhere above the heated region. Thus, the project plans
included an extensive observing campaign to monitor dust levels in
the atmosphereof Mars during the aerobrakingphase. These obser-
vations were particularly critical because aerobraking had to take
place during the so-called dust storm season centered on Mars peri-
helion, where most large dust storms had been observed in the past.

On orbit 51, only 14 orbits after aerobraking resumed follow-
ing the hiatus, the atmospheric density increased by 133% from the
value on the previousorbit. This increasewas four times larger than
the variability that had been seen up to that point. The magnitude
of the large dynamic pressure increase triggered the procedure to
command a normal corridor control maneuver that raised periapsis
such that the expected dynamic pressure on the next orbit would be
less than 0.3 N/m2 , even if the density remained at the unusually
high value from the preceedingorbit. At about the time the periapsis
raise maneuver was taking place, the dust observation data became
available. The observations of the dust levels, primarily from the
thermal emission spectrometer (TES) that was onboard the MGS
S/C, showedevidenceof increasingdustiness.(Thesewere latercon-
� rmed by the microwaveobservationsmade by Clancy from the Kitt
Peak Radio Telescope.) Because the large density increase that had

just been detected could be the start of a continued larger increase
associatedwith the start of a global dust storm, the � ight operations
manager wisely chose to increase the periapsisaltitude even further
with an extremelyunusual second propulsivemaneuveron the same
orbit. During the next several days, the density increasedby a factor
of almost three before gradually returning to pre-dust-stormlevels.
Both the rate of density increase and the rate of decreasewere more
rapid than expectedfor a regionalstorm. Althoughthe TES observa-
tions during the next month showed that the dust storm did not turn
into the globally encirclingkind that has the largest effect on the at-
mospheric densities, this regional storm in the southern hemisphere
(centered on 30± south, 20± east) had a signi� cant effect on the den-
sities in the northernhemispherenear periapsis(at 35± north latitude
on orbit 51). In keeping with a longstandingtradition, this period of
intensively exciting activity occurred on a holiday, Thanksgiving.

Following the start of the dust storm on orbit 51, the dynamic
pressure was kept at a low value until there was de� nite evidence
that the dust storm was dissipating.The sparse observationsof pre-
vious dust storms indicated that dust storms could start up, begin to
dissipate, and then start back up again, and so the � ight operations
manager remained cautious and kept the dynamic pressure below
planned levels until the dust storm was clearly dissipating.To make
up for the slower rate of period reductioncausedby the low dynamic
pressures during the dust storm, the average dynamic pressure fol-
lowing the dust storm was increasedfrom 0.20 to 0.25 N/m2 . By the
time the dust storm dissipated, several techniques had been devel-
oped that enabledmore accuratepredictionsof thedynamicpressure
on the next orbit,which reduced the risk of a slightlyhigher average
dynamic pressure. The most useful of these prediction tools was a
correlationbetween the density and the longitude.Figure 4 shows a
plot created by Justus, one of the creators of the MarsGRAM atmo-
spheremode8 that shows the densityratio between the actualdensity
at periapsis that was inferred from the accelerometermeasurements
and the density obtained from the MarsGRAM model. The wave 2
dependency on longitude is believed to be due to coupling of the
strong polar vortex around the north pole during northern winter
and the topography in the northern hemisphere. (Early results from
phase 2 show a wave 3 dependency on longitude, while the polar
vortex has moved to the south pole.)

Figure 3 shows that the actual dynamic pressure (C symbols)
was nearly zero during the SPO. The S/C remained in the SPO un-
til the middle of September, when periapsis was lowered back into
the atmosphere. Figure 3 also includes the planned dynamic pres-
sures (1 symbols) up to the aerobraking exit maneuver on Feb. 9,
1999 (orbit 1325). The dynamic pressures for the redesigned aero-
braking phase are only about one-third to one-half as large as the
0.6 N/m2 that was originally planned for the fully deployed solar
panels,when aerodynamicheatingwas the primary constraint.Note
that phase 2 actually started one week later than the plan because a

Fig. 4 Density ratio (actual/MarsGRAM) vs longitude.
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Fig. 5 Orbit periods: actual and planned.

ground software problem put the S/C into contingencymode a few
minutes before the sequence was programmed to lower periapsis
back into the atmosphere.

The sharp decrease in the dynamic pressure at the end of phase 2
is due to a project requirement to maintain a 2-day orbit lifetime.
The lifetime is actually de� ned by the time required to reach an
apoapsis altitude of 300 km, which is 100 km below the mapping
orbit altitude. The � rst time the orbit reaches the 2-day orbit life-
time constraint,the apoapsis altitudewill be about 916 km. The S/C
would be only one or two orbits from crashing if the apoapsis ever
reached the 300-km apoapsis altitude limit, and so a 300-km apoap-
sis is representative of the orbit lifetime. When the orbit reaches
the point where a 300-km apoapsis is predicted to be only 2 days
away, periapsis will be raised by a 1.1-m/s maneuver to increase
the orbit lifetime back to 3 days. One day later, the orbit will have
decayed to the point where the orbit lifetime is again only 2 days,
and so another 1.1-m/s maneuver will be required. Trajectory sim-
ulations usually require 3 or 4 of these walkout maneuvers before
apoapsis has shrunk to the point (¼450 km) where the aerobraking
exit maneuver (ABX) can raise periapsis out of the atmosphere for
the � nal time. The walkout phase for the original aerobraking de-
sign was much longer, 12 days rather than 3 days, in part because
the dynamic pressures at the start of the walkout phase were much
larger. Using a 300-km apoapsis limit to de� ne the orbit lifetime on
the last aerobraking orbit is somewhat conservative in the sense of
orbit lifetime because the S/C would be able to survive for perhaps
12 more orbits beyond the 300-km apoapsis limit. Because the pro-
pellant required to get from the last survivable aerobraking orbit to
the mapping orbit would be quite large, the 300-km limit has been
used to indirectly limit the propellant cost in case there is a problem
during the walkout phase.

The argument of periapsis drifts past the south pole before the
ABX maneuver is performed in all simulated trajectories that reach
the desired 2 a.m. mapping orbit. Because the desired periapsis
location for the mapping orbit is at the south pole, some time will
be required for periapsis to drift back to the south pole before the
S/C can be propulsively locked into the sun-synchronous, nearly
circular, frozen mapping orbit.

The orbit period is another key aerobrakingparameter.Aerobrak-
ing will shrink the orbit period from more than 45 h at MOI to less
than 2 h at ABX. Figure 5 shows the past and planned orbit peri-
ods. The rate of decrease prior to orbit 15 is much steeper than for
the remainder because the original plan used a higher average dy-
namic pressure to � nish aerobraking in only 140 days. The amount
of period decrease during the hiatus was insigni�cant. The rate of
decrease during phase 2 is expected to be slightly less than during
phase 1 because the planned dynamic pressures are less. Once the
orbit period has been reduced to 1.89 h, the ABX maneuver will
raise periapsis out of the atmosphere.

Mapping Mission
When the MGS S/C reaches the 400-km nearly circular, sun-

synchronous, 2 a.m. mapping orbit, it will begin a 2-year global
mapping mission. The science instruments include the magne-

Table 2 Science instruments and investigatorsa

Principal investigator
Instrument and home institution Objective

Mag/ER M. H. Acuna Intrinsic magnetic � eld and
Goddard Space solar wind interactions
Flight Center with Mars

MOC M. C. Malin Surface and atmospheric
Malin Space Systems imaging

MOLA D. E. Smith Surface topography and
Goddard Space Flight gravity � eld studies
Center

MR J. Blamont Relay support for future
Centre Nationale Mars Lander missions, both
d’Estudies Spatiales American and international

TES P. R. Christensen Mineralogy, condensates,
Arizona State University dust, thermal properties, and

atmospheric measurements
USO (RS) G. L. Tyler Gravity � eld determination

Stanford University and atmospheric refractivity
(team leader) pro� les

aDetails about the science observations may be found on the web through links from
http://mars.jpl.nasa.gov.

tometer/electron re� ectometer (Mag/ER), the Mars Orbiter camera
(MOC), the thermal emission spectrometer(TES), the Mars Orbiter
laser altimeter (MOLA), and an ultrastable oscillator for radio sci-
ence [USO (RS)] observations. The S/C also carries a Mars relay
radio system (MR) antenna for use by future missions to Mars. All
of the instruments, except the relay antenna, have already made
measurements of Mars. The purpose of the MGS mission is to per-
form a global survey of the planet Mars. The TES provides many
spectral bands, which will enable scientists to characterizenot only
the surface mineralogy, but also the atmospheric composition and
temperature.A detailed topographicmap will be producedfrom the
MOLA data, whereas the MOC will provide a visual context using
both wide- and narrow-angle cameras. RS will produce a global
gravity � eld as well as atmospheric pro� les during occultations.

Investigators
The MGS mission described has been a collaboration of many

teams of scientists and engineers spread all across the country. The
spacecraft was built by Lockheed Martin Astronautics (LMA), and
the bulk of the spacecraft operations team is located at the LMA
facility near Denver, Colorado. The science instruments are oper-
ated by the principal investigators from their home facilities, which
are listed in Table 2. Atmospheric monitoring and forecasting is
provided by the Atmospheric Advisory Group, lead by Richard
Zurek of the Jet Propulsion Laboratory (JPL). Observations are
made by the onboard instruments as well as S/C telemetry mea-
surements and ground-based microwave observations. S/C oper-
ations, including commanding, telemetry evaluation, subsystems
performance analysis, and aerobraking sequencing, are performed
by the S/C lead by Kenny Starnes at LMA. A special team of stu-
dents lead by Gerald Keating of George Washington University
measure the atmospheric density and dynamic structure using an
onboard accelerometer.9;10 The ground-based microwave measure-
ments from the National Radio Astronomy Observatory antenna at
Kitt Peak are analyzed by Todd Clancy of the Space Science In-
stitute. Atmospheric modeling is supplied by Jere Justus through
NASA Marshall Space Flight Center, Stephen Bougher of the Uni-
versityof Arizona, and James Murphyand Robert Haberleof NASA
Ames Research Center. Interpretation of the TES observations are
provided by a team lead by John Pearl at NASA Goddard Space
Flight Center. Navigation is performed by a team lead by Pasquale
Esposito at the JPL. Mission design, sequencing, and ground data
support are also supplied by JPL. The Mission Director, Joseph
Beerer, and the Project Manager, Glenn Cunningham, are provided
by JPL.

Summary
Aerobraking has enabled the MGS mission to � t within the very

tight budget available for the exploration of Mars by reducing the
launch vehicle cost by at least $1 £ 108 (Ref. 11). Aerobraking has



LYONS ET AL. 313

proven to be a very robust option, enabling the mission to proceed
toward what appears will be a fully successful completion, in spite
of a major structural failure.

Aerobraking has also enabled new science observations at Mars
that would not have been possible otherwise. Detailed measure-
ments of the density and structure of the upper atmosphere have
been made using the accelerometer that was originally used for
precise propulsivemaneuvercutoff. The extremely low altitudes re-
quired for aerobraking have enabled the magnetometer to observe
magnetic � elds at a much higher resolution than will be possible
from the mapping orbit and have enabled electron re� ectometer
measurements above and below the ionopause, something that will
be impossible from the mapping orbit. During the hiatus and the
low-altitude SPO, the narrow-anglecamera was able to take images
at sun illumination angles that are signi� cantly better than from
the sun-synchronous mapping orbit. Targeted, high-resolution im-
ages of speci� c surface features were made during the SPO phase.
Images, thermal spectra, and even laser altimeter measurement of
Phobos were made near the end of the SPO phase.

Conclusions
Aerobraking has been a very exciting experience for everyone

involved. A well thought out plan had to be signi� cantly modi� ed
twice during � ight by an operations team that was already much
smaller than previous � ight teams. A major structural failure and
the resulting side effects of a greatly extended aerobraking phase
were successfully accommodated. Dust storms and the previously
suspectedbut unknown atmosphericdynamics had to be overcome.
The MGS mission has been extremely challenging so far, and there
is every reason to believe that phase 2 will be just as exciting as
what has taken place so far.
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